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Superconducting rf technology (SRF) is evolving rapidly as are its applications. While there is active 
exploitation of what one may term the current state-of-the-practice, there is also rapid progress expanding 
in several dimensions the accessible and useful parameter space. While state-of-the-art performance 
sometimes outpaces thorough understanding, the improving scientific understanding from active SRF 
research is clarifying routes to obtain optimum performance from present materials and opening avenues 
beyond the standard bulk niobium. The improving technical basis understanding is enabling process 
engineering to both improve performance confidence and reliability and also unit implementation costs. 
Increasing confidence in the technology enables the engineering of new creative application designs. We 
attempt to survey this landscape to highlight the potential for future accelerator applications.  
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1.   Introduction 
The press for ever more powerful, economic, 
efficient, and versatile particle accelerators 
continues to motivate pursuit of innovative 
solutions involving superconducting materials, 
particularly those which can support high 
electromagnetic fields within rf accelerating 
structures. The superconducting rf technology 
(SRF) which fills this need now offers robust 
solutions within a particular parameter space and 
offers prospects for yet significantly improved cost 
per unit energy gain. Such gains make credible a 
variety of new types of accelerator application 
solutions. 
Other contributions to this volume address 
current operating systems and rf structure design 
elements in detail. Here, we provide a high-level 
characterization of the technological domain that is 
confidently deployable as demonstrated by 
operating systems. We follow this with a summary 
of best demonstrated performance of serviceable 
SRF devices, although such performance may not 
yet be attained with desirable confidence or 
affordable cost.  Next we review current research 
that seeks to answer key questions that stand in the 
way of maximal exploitation of SRF for particle 
accelerators, questions regarding optimal niobium 
material characteristics, performance-limiting 
mechanisms, chemical and mechanical forming and 
treatment processes, and other material systems 
that may someday surpass standard bulk niobium 
with either performance and/or cost effectiveness. 
Finally, we briefly review candidate future 
applications of SRF technology that are at various 
stages of conception. 
2.   Summary of the “State-of-the-Practice” 
for SRF-based Accelerator Technology 
The current “state-of-the-practice” of SRF 
technology applied to accelerators is represented by 
those performance levels established as 
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specifications for funded and launched projects and 
this on the foundation of long-running installations.  
The European-XFEL project is fully underway. 
The performance levels required of this facility 
have been well demonstrated. The 928 cavities of 
the full design will operate at 23.6 MV/m 
accelerating gradient in pulsed mode, 1.4 ms with 
10 Hz repetition rate, with anticipated Q0 of 1010 at 
2.0 K [1, 2].  
The largest current implementation of SRF 
technology is the CEBAF recirculating electron 
linac at Jefferson Lab, with over 350 operational 
cavities. This facility is presently installing a major 
upgrade to 12 GeV, based on the addition of ten 
new high-performance cryomodules [3, 4]. During 
the final week of physics run in the 6 GeV era, one 
of the new upgrade cryomodules demonstrated full 
design requirements of 460 µA CW, providing 
108 MeV gain per pass [5]. The eight 7-cell 
cavities provided the project-specified average 
19.2 MV/m with a Q0 of >8×109 at 2.07 K. 
The ISAC-II accelerator at TRIUMF is 
operational with 40 quarter-wave resonators 
(QWR) of three types. The ISAC-II performance 
goal is to operate CW at a gradient of 6 MV/m, 
corresponding to a peak surface field of 30 MV/m 
and peak magnetic field of 60 mT with a cavity 
power ≤7 W [6]. While the heavy ion accelerator 
ALPI at INFN-Legnaro sustains operation of 64 
QWRs running at 3-6 MV/m using a mix of SRF 
material technologies [7]. 
The SPIRAL 2 accelerator at GANIL has 
twelve β =0.07 and fourteen β =0.12 88 MHz 
QWRs operating at 4.2 K. The cavities operate in 
CW at a gradient of 6.5 MV/m with less than 10 W 
dissipated power per cavity. During vertical tests, 
the cavities achieved peak surface electric fields up 
to ~56 MV/m and peak surface magnetic fields up 
to ~100 mT with Q-values of ~1×109 at 4.2 K. 
The sixteen 400 MHz LHC SRF cavities are 
running now, each capable of providing up to 
2 MV for beam operations with 5.5 MV/m, having 
been tested to 8 MV/m [8, 9]. 
SRF cavities are serving dutifully in electron 
storage ring applications around the world. In such 
high beam loading applications, the chief 
challenges tend to be input power couplers and 
convenient damping of higher-order-mode (HOM) 
power in contrast to SRF cavity gradient and Q 
[10]. 
The ATLAS Energy Upgrade cryomodule 
containing seven β = 0.15 QWRs cavities operating 
at 109 MHz is operating with beam, providing 
14.5 MV of accelerating voltage in 4.5 meters. This 
is a record for this beta range and represents a 
factor of three performance gain over prior ATLAS 
technology [11]. 
The seven cryomodules of FLASH at DESY are 
operating reliably at 20-25 MV/m with 1.4 ms 
pulses, 10 Hz rep rate [12]. 
A third-harmonic cryomodule for phase space 
linearization was contributed by FNAL to FLASH. 
It contains four 3.9 GHz SRF cavities produced by 
US members of the Tesla Technology 
Collaboration (TTC). Performance of these cavities 
at DESY comfortably exceeds the design gradient 
of 14 MV/m, with each being clean of field 
emission-induced x-rays to 20 MV/m and quench 
fields greater than 24 MV/m [13]. 
The Spallation Neutron Source (SNS) has seven 
years of commissioning and operation experience, 
now delivering 1 MW of beam power on target 
with 80 SRF 805 MHz cavities. This was the 
world’s first superconducting linac for pulsed 
proton beams. Although the design gradients were 
10.2 MV/m and 15.9 MV/m for the β = 0.61 and 
β = 0.81 cavities, respectively, the operational 
gradient distributions are essentially the same for 
both sets: ~10–15 MV/m, with the dominant 
performance limitation being field emission-
derived heating effects [14]. 
3.   SRF “State-of-the-Art” in 2012 
3.1.   Best  β=1 structure performances 
The technologically most demanding SRF 
challenge recently has been the R&D push to make 
an International Linear Collider (ILC) technically 
viable and credibly affordable. Such a facility 
would dwarf all other SRF applications in scale. 
The push to make 35 MV/m confidently attainable 
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has met with significant success. The challenge is 
principally one of quality control in materials and 
processes, then secondarily one of cost 
optimization by process and material optimization.  
The international R&D collaboration has 
yielded several multi-cell cavities with 
performance exceeding 40 MV/m, and yield of 
90% with performance > 35 MV/m has been 
demonstrated by at least one laboratory [15-17]. 
The present best 9-cell gradient performance 
reported has been from two cavities fabricated from 
ingot Nb by Research Instruments GmbH. These 
cavities were quench limited in the 25-29 MV/m 
range after standard acid etching treatment, but 
quench fields increased to 31-45 MV/m after 
subsequent electropolishing, which corresponds to 
peak magnetic surface fields of up to 192 mT [18].   
One of the CEBAF upgrade prototype 7-cell 
cavities, LL002, a fine-grain, high RRR Nb with a 
history of >250 µm etch removal, reached 
43.5 MV/m in a 2010 test, limited by available rf 
power, after a 34 µm electropolish. For this “low 
loss” cell shape design, this corresponds to peak 
magnetic surface fields of 162 mT. One of the few 
12 GeV Upgrade production cavities actually tested 
to its limits, C100-RI-006 quenched at 41.6 MV/m 
(Figure 1).  
 
Figure 1: Best CEBAF Upgrade cavity performance test.  
3.2.   Best performance from β<1 structures 
Investments in careful process analysis and 
engineering are also yielding performance progress 
in Nb cavities with the more complicated 
geometries required for β<1 applications. ANL 
recently set a new record for accelerating gradient 
with a 72 MHz β=0.077: Eacc =12 MV/m and Q0 of 
6×109  [19]. 
Similarly, the revised designs of two 80.5 MHz 
QWRs and two 322 MHz half-wave resonators 
(HWRs) required for FRIB have recently been 
tested and exceeded all requirements. The residual 
resistance measured in the three prototype families 
was below 5 nΩ up to about 100 mT in QWRs, and 
about 80 mT in HWRs [20].  
FNAL is developing a β=0.22 325 MHz single 
spoke resonator (SSR1) for a possible Project X 
front end. A recent test demonstrated the project 
requirement of Eacc =12 MV/m and Q0 of 5×109 
[21]. 
4.   Current SRF Research 
4.1.   Bulk Nb material R&D 
The technical specifications for bulk Nb material 
commonly used for the fabrication of SRF cavities 
are listed in Table 1 [22]. Parameters other than 
RRR and impurity content are important for good 
formability of the material. The RRR value has 
been specified in order to assure good thermal 
conductivity, κ, of the material, as κ at 4.2 K is 
directly proportional to RRR. High thermal 
conductivity allows for thermal stabilization of 
defects. A simplified model shows that the quench 
field, Hquench, due to a normal-conducting defect of 
surface resistance Rn and radius a is proportional to 
the square root of κ [23]: 
 
n
quench Ra
H κ∝ . (1) 
Specifications for the content of main impurities 
in Nb were dictated by the need to assure a high 
RRR value and to limit the concentration of 
impurities such as hydrogen and oxygen which 
have well known negative impact on the 
superconducting properties of Nb [24, 25]. The 
understanding of various factors which contribute 
to Nb RRR continues to mature [26]. 
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Table 1. Specifications for Nb bulk material used 
for the fabrication of SRF cavities. 
RRR > 300 
Grain size (µm) ≈ 50 
Yield strength, σ0.2 (MPa) 50 < σ0.2 < 100 
Tensile strength  > 100 
Elongation at fracture 30% 
Vickers hardness ≤ 50 
Content of main 
impurities (wt.ppm) 
Ta ≤ 500; O ≤ 10; N ≤ 
10; C ≤ 10; H ≤ 2 
  
Few companies throughout the world can 
provide the Nb material with the specifications 
listed in Table 1, and that at a cost which is 
significantly higher than that of lower purity Nb 
and which has increased rather sharply in the past 5 
years. Elaborate manufacturing steps which include 
forging, grinding, rolling and annealing contribute 
to the cost of fine-grain Nb sheets for SRF cavity 
applications. In addition, each of these 
manufacturing steps can potentially introduce 
foreign inclusions in the material, which can 
subsequently result in reduced cavity quench field. 
Quality control methods, such as the use of eddy 
current scanning systems to detect inclusions of 
size of the order of 50-100 µm have been 
implemented by some laboratories to inspect Nb 
sheets received from the manufacturer [22]. 
In addition to cost, the availability of low-Ta 
ingot and the sheet niobium production throughput 
by experienced industrial vendors impose 
bottlenecks for producing large quantities of 
niobium sheets envisioned large projects. In the 
following section we will discuss a new type of 
material, referred to as “ingot Nb” which has 
proven to be a viable alternative to the standard 
“fine-grain” Nb. 
4.1.1.   Ingot Nb 
In 2005, a collaboration between CBMM, Brazil, 
and Jefferson Lab [27] demonstrated that the 
mechanical properties of niobium directly sliced 
from an ingot were adequate for forming into 
cavity half-cells and that cavities built from such 
material achieved performance levels comparable 
to those of cavities built from standard fine-grain 
Nb [28, 29]. 
Nb discs are typically sliced from an ingot to 
the required thickness by wire electrodischarge 
machining and have a non-uniform crystal 
structure, with grains of typical size ranging from 
few to several centimeters. Studies at DESY proved 
that the cavity cell shape could be kept within 
specified tolerances by proper tooling during 
forming and machining of the half-cells, in spite of 
the anisotropic mechanical properties of the discs 
[30]. 
Sharp steps at grain boundaries, which also 
result from non-uniform mechanical properties, can 
be easily eliminated by local grinding or centrifugal 
barrel polishing. (See section 4.3.1 below.) 
The ingot Nb technology for SRF cavity 
production was fully proven at DESY, where two 
9-cell cavities built from this type of material have 
been installed in a cryomodule in the FLASH 
accelerator [30]. In addition, DESY qualified eight 
additional nine-cell cavities, which will be installed 
in the first cryomodule for the XFEL project. 
Several of these cavities reached accelerating 
gradients greater than 40 MV/m, with one of them 
establishing a record-setting gradient for these 9-
cell TESLA-style cavities of 45 MV/m [18]. 
Studies at Jefferson Lab and DESY also 
indicated that 20-30% lower surface resistance was 
obtained in multi-cell cavities built from ingot Nb, 
compared to cavities built from fine-grain Nb, for 
the same treatment procedure, cavity frequency and 
operating temperature [29, 31, 32]. A reduction of 
the surface resistance by a factor of ~4 was recently 
obtained at Jefferson Lab with an ingot Nb single-
cell cavity heat treated at high-temperature in a 
vacuum furnace [33]. Investigation into the specific 
material characteristics which produce this nice 
result are underway. 
The obvious reduction of the cost of fabrication 
of ingot Nb discs, along with the reduced need for 
their quality control compared to fine-grain Nb 
sheets, makes them a cost-effective solution for the 
fabrication of SRF cavities. Many companies 
worldwide are able to offer ingot Nb material and 
the introduction of multi-wire slicing techniques 
makes the mass-production of ingot Nb discs 
possible. The above mentioned evidence for better 
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performance of ingot Nb cavities, compared to 
fine-grain cavities, which has emerged in the last 
few years adds to the attractiveness of ingot Nb 
material for SRF cavity fabrication. 
Current R&D topics related to ingot Nb 
material include measurements of superconducting, 
thermal and mechanical properties on samples. 
Measurements of DC critical fields and 
magnetization done at Jefferson Lab indicated a 
lower pinning current density for ingot Nb samples 
than fine-grain ones [34]. This result, together with 
the reduced flux trapping efficiency of ingot Nb 
compared to fine-grain Nb, as it was measured on 
samples at BESSY [35], might explain the lower 
RF residual resistance of ingot Nb cavities. 
Studies on the mechanical properties of ingot 
Nb are discussed in Sec. 4.1.4.   Low-temperature 
thermal conductivity measurements done on ingot 
Nb samples at several laboratories showed that, 
unlike for fine-grain Nb where κ is limited at ~ 2 K 
by phonon scattering at grain boundaries, κ has a 
pronounced “phonon peak” at ~2 K [36-38]. 
Although the phonon peak is reduced by plastic 
deformation of the samples, it can be restored by a 
subsequent high temperature heat treatment [36]. 
This result would imply better thermal stabilization 
of the cavity inner surface which results in a 
reduced dependence of the surface resistance with 
increasing RF field, which is often observed for 
such heat treated ingot Nb cavities at 2 K. 
4.1.2.   Single-crystal Nb 
Ingot Nb discs with a large (~20 cm) diameter 
central single-crystal allow the fabrication of 
single-crystal cavities. Two ~2.3 GHz single-cell 
prototypes were built and tested at Jefferson Lab 
and both reached a peak surface magnetic quench 
field of ~160 mT at 2.0 K [39]. 
A method based on rolling and annealing steps, 
was developed at DESY to enlarge a single-crystal 
disc to a diameter of ~23 cm, suitable for 1.3 GHz 
cavity fabrication, while maintaining a single-
crystal structure [40]. It was also shown that, by 
properly matching the orientation of two half-cells, 
the single-crystal structure was preserved after 
electron-beam welding the half-cells. RF tests of 
1.3 GHz single-cell prototypes at 2.0 K reached 
quench field values of ~160 mT [41]. 
The main attractiveness of single-crystal 
cavities over typical ingot Nb is the uniformity of 
mechanical properties and therefore better forming. 
So far, there seems to be no significant cavity 
performance improvement compared to cavities 
made of “standard” ingot Nb, with few cm-sized 
grains. 
Efforts to produce large-diameter single-crystal 
Nb ingots have been pursued by KEK in 
collaboration with Tokyo Denkai in Japan [42]. 
4.1.3.   Niobium purity and tantalum 
content 
As mentioned in Sec. 4.1 above, the requirement of 
high purity (RRR > 300) Nb was dictated by the 
need for high thermal conductivity to avoid 
premature quenches. A correlation between higher 
κ and increased quench field was indeed noticeable 
when looking at a data set of nine-cell cavities 
measured at DESY and made of fine-grain Nb, 
treated by BCP. Nevertheless, when including data 
from nine-cell cavities made of fine-grain Nb and 
treated by electropolishing, the correlation between 
κ and Hquench is lost, as shown in Fig. 5.61 in Ref. 
[43], for RRR values ranging from ~200 to ~750. 
The same conclusion was found at KEK, for RRR 
values ranging between 130 and 800 [44]. 
Additional evidence for the reduced impact of 
high RRR on quench field was provided by ingot 
Nb cavities: as shown in Fig. 2, there is no 
dependence of the quench field (corresponding to 
Eacc-values > 25 MV/m) on RRR, ranging between 
150 and 500, as measured on nine-cell ingot Nb 
cavities treated by BCP [30]. 
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Fig. 2. Maximum accelerating gradient as a function of RRR 
for 1.3 GHz nine-cell cavities made of fine-grain (blue 
diamond) and ingot Nb (red squares), heat treated at 800°C and 
etched by BCP. The figure was taken from [30]. 
These findings suggest that normal conducting 
inclusions of size of the order of tens of 
micrometers are not anymore the dominant cause 
of quench in SRF cavities. 
In the case of ingot Nb material, the possible 
presence of a phonon peak at ~ 2 K breaks the 
connection between thermal conductivity and RRR. 
As it is shown in Fig. 3, for example, single-crystal 
samples of lower RRR-values have higher κ(2K) 
than fine-grain samples of higher RRR. As 
mentioned before, high temperature heat treatments 
provide a method to enhance κ(2K) after forming. 
1
10
100
1000
1 10T (K)
κ 
(W
/m
K
)
Heraeus Large Grain RRR477
Heraeus Single Crystal RRR438
Fine Grain RRR1200
Wah Chang Fine Grain RRR500
 
Fig. 3. Thermal conductivity as a function of temperature of 
fine-grain and ingot Nb (large-grain or single-crystal) samples. 
The figure was adapted from [36]. 
These recent findings suggest that, for cavities 
with Eacc-specification below ~30 MV/m, Nb 
material with RRR greater than ~150 is acceptable. 
Additional accumulated experience with cavities 
built from this “medium-purity” material could 
further strengthen this statement. 
Tantalum is a “substitutional” impurity in Nb 
and is therefore difficult to separate from the Nb 
itself. In 1996 it was found that a premature quench 
in a cavity was due to a specific Ta cluster [45]. In 
order to reduce the possibility of such “clusters” 
being present in the Nb sheets, the concentration of 
Ta in Nb was specified to be ≤ 500 wt. ppm. This 
specification imposes a significant increase in the 
cost of the Nb sheets and precludes the use of Nb 
extracted from pyrochlore ore, which is a 
significant fraction of the sources of Nb production. 
The mechanism for creating such clusters and their 
frequency of occurrence is unclear. 
Studies on single-cell cavities and samples have 
been done in recent years to re-evaluate the role of 
Ta. Magnetization measurements show no 
significant difference among ingot Nb samples with 
Ta content between 600-1300 wt. ppm [31, 33, 36, 
46]. Tests of single-cell cavities made of fine-grain 
Nb showed no correlation between Ta content, 
between 600-1300 wt. ppm, and maximum Eacc up 
to ~30 MV/m [47]. Peak surface magnetic field 
quench values of ~100 mT have been obtained in 
multi-cell cavities made of ingot Nb with Ta 
content up to 1500 wt. ppm [30]. 
These results suggest that the Ta content 
specification can also be relaxed without significant 
loss in cavity performance. If the presence of Ta 
clusters is feared, eddy current scanning can be 
used to exclude Nb discs with such defects from 
the cavity fabrication process [24]. 
The potential reduction in the cost of the 
material which can be obtained by relaxing the 
RRR and Ta content specifications may be very 
attractive, particularly for small accelerators with 
“moderate” gradient specifications for research at 
universities or for industrial applications. These 
results suggest that the Ta content specification can 
also be relaxed for cavities requiring only medium 
gradients of less than 30 MV/m. 
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4.1.4.   Mechanical properties 
Renewed efforts to better understand the 
mechanical properties of both fine-grain and ingot 
Nb and their implications on cavity performance 
and formability have been undertaken by several 
laboratories and universities. 
One of the final steps for the production of fine-
grain Nb sheets is a 2% thickness reduction by 
rolling. This process causes higher strain to be 
localized near the surface, smaller grain size and 
different texture at the surface, compared to deeper 
in the bulk. Orientation image maps (OIM) 
obtained by electron backscattered diffraction 
(EBSD) showed cross-sectional microstructure and 
texture gradients to vary greatly among samples cut 
from fine-grain Nb sheets [48]. This results in 
variability in forming half-cells and in the 
metallurgical state after high temperature heat 
treatments or electron beam welding (EBW). 
The yield strength of fine-grain niobium 
decreases up to ~40% after heat treatment up to 
~1200°C. The yield strength also depends on purity 
(lower purity Nb has higher yield strength) and 
grain size [49]. For example, as-received ingot Nb 
samples showed yield strength values ranging 
between 30-50 MPa [45, 50], compared to ~55–
80 MPa for as-received high-purity fine-grain Nb 
[51]. Issues with batches of fine-grain Nb sheets 
not fully re-crystallized (non-uniform grain size 
throughout the thickness) have occurred in the past 
and resulted in unacceptably low yield strength of 
the material after heat treatment at 800°C [52]. As 
a result, the heat-treatment temperature for 
hydrogen degassing for SNS and CEBAF upgrade 
cavities at Jefferson Lab was 600°C. The 600°C 
recipe was also used for ILC R&D cavities initially 
at JLab; due to excessive stiffness issues, a 800°C 
recipe replaced the 600°C recipe [53]. A 800°C 
bake recipe has been used for a long time at DESY. 
In the past years, there has been increasing 
evidence for the metallurgical state of the material 
influencing not only cavity formability and 
robustness but also the cavity performance: 
• A correlation between high dislocation content 
and enhanced losses at high (>90 mT) RF field 
has been reported [54]. 
• A correlation between etch pits, crystal defects 
and enhanced RF losses at medium (20 mT 
<Bp< 90 mT) field has been reported [55]. 
• EBW of cold-worked fine-grain Nb can induce 
pitting in the zone where thermal stress 
accumulates (so called “heat affected zone”) 
[56]. It was shown that pits in this zone caused 
premature quenches in some 1.3 GHz nine-cell 
cavities [57, 58]. 
All the above considerations suggest the need 
for optimization studies to identify the proper 
sequence of processing steps and heat treatment 
parameters, for each type of material, which gives 
the best compromise between mechanical 
properties and cavity performance. For ingot Nb 
material, it would be important to identify crystal 
orientations which don’t behave well during 
forming and should therefore be avoided during the 
ingot production by the manufacturer. Such study is 
ongoing at MSU [59, 60].  
4.2.   Bulk Nb Cavity Fabrication 
The techniques most commonly used for the 
fabrication of bulk Nb cavities are deep-drawing of 
Nb sheets and electron-beam welding of the formed 
parts. 
Electron-beam welding of Nb is a critical 
process which requires machine-specific 
parameters be mastered in either industry or 
laboratory setting. Occasionally, issues with defects 
in the welds or in the heat affected zone limit the 
cavity performance to Eacc~15-20 MV/m [30, 54, 
55, 61]. 
Forming processes which could avoid most of 
the welds in a multi-cell cavity are hydroforming, 
which has been pursued mostly at DESY, and 
spinning, which has been used at INFN-Legnaro. 
Initial studies on single-cell cavities made by either 
hydroforming [62] or spinning showed that 
Eacc~40 MV/m was achievable [63], comparable to 
the best results obtained from cavities made by 
standard deep-drawing and welding. 
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The hydroforming machine at DESY allows the 
fabrication of up to three-cell 1.3 GHz cavities and 
three full nine-cell prototypes were built by 
welding three-cell units. The nine-cell cavities were 
treated by EP and achieved Eacc~30-35 MV/m. 
A 1.3 GHz nine-cell cavity was also built by 
spinning [63], but a hole was made in one of the 
irises after centrifugal barrel polishing (CBP) 
because of non-uniform thickness of the material. 
Both the hydroforming and spinning of cavities 
require a seamless Nb tube of the appropriate 
diameter and uniform fine-grain structure, usually 
made “in-house” by deep-drawing, flow forming, 
extrusion or a combination of those techniques. The 
use of “single-crystal” seamless Nb tubes has also 
been recently proposed [64]. 
The hydroforming technique was also applied to 
fabricate cavities of Nb/Cu clad material. They 
could have the advantages of reduced cost because 
of less Nb and fewer welds and improved thermal 
conductivity and stiffness from the backing Cu. 
Single-cell cavities have been built both at DESY 
and KEK reaching Eacc-values of up to 40 MV/m 
[58]. Temperature gradients across the cavity have 
to be minimized near Tc in order to avoid trapping 
magnetic field attributed to thermoelectric currents. 
Reduction of Q0-values after quenches have been 
measured and attributed to this same effect [58]. 
The starting Nb/Cu clad tube had been made by 
different techniques such as explosion bonding, 
back extrusion and hot rolling. There is yet no clear 
indication of a preferred tube forming method, and 
there hasn’t been significant progress towards 
fabrication of cavities longer than two-cells in the 
past few years. 
4.3.   Surface finishing – for quality control 
and economy 
A very thin layer of material in the cavity surface 
determines the response to rf fields. The 
superconducting penetration depth for Nb is only 
~40 nm. Efforts to obtain optimum performance for 
accelerator applications, then, focus very strongly 
on controlling the morphology and structure of that 
thin layer of material. 
4.3.1.   Centrifugal barrel polishing 
Initially started as an effort to obtain a standard 
surface finish and reduce the required quantities of 
hazardous processing chemicals, the use of 
centrifugal barrel polishing (CBP) on Nb SRF 
cavities was reported by Higuchi, Saito et al. at 
KEK in 1995 [65]. The first batch of single-cell 
cavities to attain consistent ≥40 MV/m 
performance were prepared by CBP, followed by 
light EP [66, 67], in 2006. 
Recently the CBP treatment process has been 
picked up and extended at FNAL and JLab in an 
effort to produce consistently smooth surfaces, 
somewhat forgiving of the details of the prior 
fabrication processes  [68, 69]. The goal of this 
work is to find a reliable “low-tech” and 
inexpensive process that transforms the high-field 
surfaces into a smooth, uniform surface that 
subsequently requires only a minimum of chemical 
processing to leave a “crystallographically clean” 
surface exposed. While further optimization is 
underway, examples have demonstrated that 
otherwise flawed and otherwise unacceptable 
cavities can be brought to peak performers via 
inclusion of CBP in their treatment [70]. 
4.3.2.   Acid etching of Nb – BCP 
Long the standard way of exposing fresh 
material in bulk Nb cavities, etching with 
HF:HNO3:H3PO4 reagent acids mixed in ratios of 
either 1:1:1 or 1:1:2 is commonly referred to as 
buffered chemical polish, or BCP. The exothermic 
chemical reaction requires thermal management to 
obtain uniform results. Nb cavities are typically 
etched with 15ºC circulating acid. The details of 
technique for realizing predictable etching removal 
rates over increasingly complicated geometrical 
shapes continue to be explored [71]. 
As the target operational surface fields of SRF 
structures have been pushed up in recent years, the 
natural residual surface roughness of fine grain Nb 
after BCP treatment is found to induce limiting 
effects, apparently due to local field enhancements 
that subsequently lead to non-linear losses. Such 
roughness is attributed to variation in local etch rate 
 Superconducting RF Technology R&D for Future Accelerator Applications 9 
 
of different exposed crystal planes and to residual 
stresses from dislocations and other defects [55]. 
The roughness and the associated non-linear losses 
are greatly reduced in heat-treated ingot Nb 
surfaces. 
4.3.3.   Standard electropolishing of Nb 
The highest field performance of Nb SRF cavities 
so far are those with surface smoothened by 
electropolish in contrast to etching. While this has 
now been unambiguously demonstrated for fine-
grain Nb, it also appears to be the case for ingot 
Nb, although the incremental benefit is less and 
conditions of improvement are less well resolved. 
The standard Nb electropolish (EP) that has 
evolved from the Siemens recipe involves 
HF:H2SO4 reagent acids in ration of ~1:9 as the 
electrolyte, with Nb anode and high-purity Al 
cathode. The typical physical arrangement mounted 
first by KEK for the TRISTAN cavities has the 
cavity and collinear cathode horizontal with the 
electrolyte filling approximately 60% of the cavity 
[72]. Recent involvement of electrochemical 
insights and methods in Nb EP research has yielded 
a clarified understanding of the polishing 
mechanism and in turn provided pointers toward 
process optimization [73-75]. Identification of the 
importance of managing process temperature 
control for both uniform removal and optimum 
surface leveling, together with recognition of the 
source and methods for reducing and removing 
precipitating sulfur have borne fruit in increased 
cavity performance for the ILC R&D effort [17], 
the JLab 12 GeV Upgrade cavities [76, 77], the 
ANL QWR cavities [19], and the high-grad cavity 
set for the XFEL [18], among others. 
The 80 CEBAF upgrade cavities, for example, 
were given a consistent 30 µm temperature-
controlled EP following a 160 µm BCP etch 
provided by the cavity manufacturer. The resulting 
performance was sufficiently reliable that most of 
the cavities were given their cryogenic acceptance 
test only after their helium vessel had been welded 
on, and testing was administratively limited to 
27 MV/m [78]. (No more than 23 MV/m will be 
useful in CEBAF due to other limitations in the 
accelerator.) 
4.3.4.   Vertical electropolish 
While Nb EP yields smoother and in many cases 
surfaces that can support higher fields than the 
relatively easy BCP etch process, the commonly 
implemented methods are rather complex and labor 
intensive compared with what one would like. 
Because of this, efforts are underway at several 
labs to develop cavity EP with the cavity filled with 
electrolyte and oriented with central axis vertical 
(VEP). Such an arrangement would have several 
advantages, not least of which would be its greater 
prospect for process automation. 
Cornell has recently reported successful VEP of 
a 9-cell Tesla-style cavity with field performance 
exceeding 35 MV/m [79]. CERN and Saclay are 
investing in new VEP systems, and JLab has 
repurposed a closed chemistry cabinet for VEP 
R&D [80, 81]. In addition to temperature 
regulation, the vertical orientation presents 
additional challenges for managing the hydrogen 
bubbles evolved from the cathode and discerning 
and providing the appropriate level of electrolyte 
circulation for predictable, uniform removal. 
4.4.   Surface cleaning for field emission 
control 
Surface cleanliness is a persistent requirement of 
SRF accelerating structures. The best prepared low-
loss surface can be made irrelevant by a small 
amount of contaminating particulates. Such 
particulates easily become sources of field emission 
when they find their way to high surface electric 
field regions of a cavity. Adequately clean Nb 
surfaces have been demonstrated to be field 
emission free to  ≥150 MV/m [82], supporting the 
notion that field emission from typical technical Nb 
surfaces may be attributed to either mechanical 
damage or extrinsic contamination. 
Residue from chemical processing steps must 
be removed else they concentrate on drying. 
Generous dilution and removal by ultrapure water 
rinsing in the context of a controlled clean-room 
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environment is considered necessary. Careful 
contamination control technique is essential to 
obtaining and retaining adequately clean high-field 
surfaces. High pressure (>100 bar) rinsing with 
ultrapure water (HPR) is routinely applied as a final 
pre-assembly step. The actual protocols for such 
HPR have little demonstrated basis, however. 
Techniques at each different laboratory have 
evolved via loose empiricism rather than 
quantitative process development. Water pressure, 
nozzle geometry, flow rate, nozzle-to-surface 
distance, surface sweep rate all can reasonably be 
expected to affect particulate removal efficiency, so 
the domain is yet ripe for careful study and 
improvement [83, 84]. 
Ethanol or methanol rinse is employed at some 
labs to provide assurance of removing precipitated 
sulfur, others such as Jefferson Lab rely on 
ultrasonic agitation with a detergent for this 
purpose. 
CO2 snow has been demonstrated to be highly 
effective at cleaning Nb surfaces [85]. This has not 
yet, however, been deployed in a way suitable for 
multi-cell cavities. 
4.5.   Thermal treatments 
It has been clearly established empirically that low-
temperature (120–160°C) baking of etched or 
electropolished Nb surfaces in ultra-high vacuum 
or atmospheric noble gas [86] for several hours 
(LTB)  significantly reduces the high-field Q-slope, 
allowing achievement of Bp-values of up to ~190 
mT at 2.0 K [87]. In addition to that, LTB of such 
cavities causes a reduction of RBCS and often an 
increase of the residual resistance, Rres, so that a 
moderate 10-20% increase of Q0 at 2.0 K, at low 
field, is obtained [88].  
LTB protocols vary significantly in duration 
and hold temperature, with 120°C for 24-48 hours 
just prior to cold rf testing being most commonly 
used. Discussion of the theoretical understanding of 
the phenomenon is addressed in section 5.1 below. 
While vacuum bake at 600-800ºC of near-final 
Nb cavities is routinely applied for the reduction of 
interstitial hydrogen to avoid hydride precipitation 
and its attendant “Q-disease,” current research is 
examining more subtle residual surface 
composition effects that may be influenced by post-
chemistry thermal treatments. [89] Early 
indications from JLab suggest opportunities for 
reduction of both residual and BCS rf surface 
resistance with carefully managed surface 
chemistry during and immediately following 
≥1200ºC bake of ingot Nb cavities [33, 90].  
4.6.   Alternate materials to bulk Nb 
4.6.1.   Motivations for alternatives to bulk 
Nb 
With the real prospect of the community being 
able, in the not so distant future, to specify 
preparation methods which will reliably yield 
nearly the theoretical best performance in both 
supported fields and resistive losses of Nb, one 
naturally asks the question how might accelerator 
systems be fielded yet more efficiently than Nb will 
allow?  
Several dimensions merit consideration. If one 
could realize the same rf characteristics from a thin 
layer of Nb (less than 1 µm is required) on a less 
expensive, easily formable and high thermal 
conductivity substrate, then significant cost savings 
may be accessible in materials. Also one may have 
access to more convenient cooling configurations 
employing, for example, channel cooling rather 
than bath cooling, which in turn opens new 
possibilities in the engineering design of 
accelerator cryomodules. 
Alternatively, if materials with higher Tc and 
adequately high critical fields could be made to 
realize their apparent theoretical potential, then 
huge savings in capital and operational cryogenic 
costs might be realized. Nb3Sn, NbTiN, and MgB2 
are among the materials receiving such attention. 
Further down the road there remains the 
potential prospect of hybrid multi-layer films which 
may support dramatically higher fields with very 
low losses. 
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4.6.2.   Magnetron sputtered Nb films 
The largest fielded application of sputtered Nb film 
was on the 352 MHz LEP2 cavities. For 272 of 
these cavities, Nb film on copper was chosen to 
save cost. These cavities fulfilled their mission for 
LEP2, but were very hard pressed to perform with 
adequate Q at 7 MV/m [91].  
The best demonstrated performance of Nb-film 
technology cavities dates from the post-LEP 
development work for LHC cavities at CERN [92, 
93]. 1.5 GHz cavities demonstrated 15 MV/m with 
Q0 of 1010 at 1.7 K. The magnetron sputtered 
cavities show a characteristic non-linear loss.  Such 
limiting Q-slope persists in the operating LHC 
cavities today [8]. The RRR of such sputtered Nb 
films was found to be ~30. 
Nb/Cu medium-β QWR cavities have recently 
been developed for ALPI [94] , and development of 
sputtered Nb/Cu 101 MHz QWRs for HIE-
ISOLDE is underway at CERN [95]. 
4.6.3.   Energetic condensation of Nb 
When considering the gas phase deposition of 
niobium, it may be helpful to recognize that its very 
high melting temperature implies very low mobility 
of atoms near the growth surface at temperatures 
tolerable to desired application substrates such as 
copper and aluminum. To realize high crystallinity 
with acceptably low defect density, additional local 
energy is required. “Energetic condensation” 
provides this as kinetic energy of the arriving ions.  
A collaboration led by JLab has been 
characterizing Nb film growth on a variety of 
model substrates as a function of substrate 
preparation and energy of arriving Nb ions [96-
105]. The methods of creating the energetic ions 
vary from ECR plasma biased extraction, to 
cathodic arc discharge plasma, to high power 
impulse magnetron sputtering (HiPIMS) [106] 
championed by Andre Anders of LBNL.  
Nb films grown by energetic condensation show 
epitaxial character with low defect density, as 
measured by RRR quite comparable to that of high-
purity bulk Nb now used for cavity fabrication 
(200–400). While attaining maximum RRR is not 
itself the goal of deposited Nb films, learning how 
high-quality Nb crystals develop under controlled 
conditions on well-known substrates gives insight 
into tailoring growth conditions for eventual 
technical applications. Candidate growth conditions 
have been identified which yield very attractive Nb 
films grown on fine-grain Cu, such as would make 
for a fine cavity substrate. Attempts to realize such 
conditions on test elliptical cavities are planned in 
the coming year. 
4.6.4.   Nb3Sn 
Nb3Sn continues to receive low-level attention as a 
material which might exceed the performance of 
Nb. With a Tc ~18.2 K there is the attractive 
prospect that high frequency structures made with 
Nb3Sn might have negligible losses at the relatively 
more convenient operating temperature of 4.5 K. 
Because Nb3Sn is very brittle and has low thermal 
conductivity, it must be formed in shape as a film 
on a suitable substrate. To obtain good 
stoichiometry from gas phase supplied Sn diffusion 
into Nb, a reaction temperature above 930ºC is 
required. 
The most thorough work on Nb3Sn for SRF was 
carried out at Universität Wuppertal in the 1980’s 
and 90’s [107]. Recently work with this material 
has resumed at Cornell University [108]. Careful 
material science is yet required to understand and 
confidently control the Nb3Sn crystal growth 
dynamics so as to produce low-loss surfaces to 
fields corresponding to Eacc > 15 MV/m. 
4.6.5.   NbTiN 
Although A15 compounds such as Nb3Sn have a 
higher Tc, the Nb B1 compounds are less sensitive 
to radiation damage and crystalline disorder. NbN 
and NbTiN are the B1-compounds with the highest 
critical temperature, respectively 17.3 K and 17.8 
K. The ternary nitride NbTiN presents all the 
advantages of NbN and exhibits increased metallic 
electrical conduction properties with higher 
titanium percentage. Ti is a good nitrogen getter, so 
the higher the Ti composition, the lower the 
number of vacancies. For these reasons, work at 
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Jefferson Lab is targeting NbTiN together with the 
dielectric AlN for development of SRF multilayer 
structures [109, 110]. Figure 4 shows a TEM image 
of a FIB-cut cross-section of a recent multilayer 
film formed by DC reactive sputtering.  
 
Fig. 4. TEM image of a FIB cut cross-section 
Cu/Nb/AlN/NbTiN film structure formed by DC reactive 
sputtering. 
4.6.6.   MgB2   
MgB2 is a binary compound that contains 
hexagonal boron layers separated by close-packed 
magnesium layers. It has a high critical 
temperature, Tc, around ~39-40 K.  
In SRF applications, a MgB2 film with large 
grain size (>100 µm) is preferred because grain 
boundaries in the film could cause strong pinning  
which would contribute to high field Q drop [111]. 
Rf penetration depth is 100–200 nm at 
temperatures below 5 K in the GHz range. So a 
film with several hundred nm thickness is required. 
Compared to Nb, MgB2 has a smaller lower critical 
field Hc1 and a larger upper critical field Hc2, 
determined principally by its penetration depth and 
coherence length, respectively. The superheating 
critical field of MgB2, calculated from 
 [112, 113], is 170–1000 mT 
depending on the field’s direction [114], which 
suggests that it might be possible to achieve 
200 MV/m gradient [115]. MgB2 is also an 
attractive choice for multilayer film coatings to 
benefit from the lower surface resistance, which 
was proposed by Gurevich [116]. 
The SRF properties of MgB2 films formed by 
two different processes are being characterized 
[117]. X. X. Xi et al. of Temple University are 
developing the growth of MgB2 via hybrid 
physical-chemical vapor deposition (HPCVD) 
[118]. Superconductor Technologies, Inc., has 
deposited MgB2 using a reactive evaporation (RE) 
technique at 550°C [119]. The field-dependent rf 
surface impedance of single crystal MgB2 samples 
have recently been measured at 7.5 GHz [120]. The 
road to understanding and exploiting this material 
yet lies ahead.  
5.   Research on Fundamentals 
5.1.   Non-linear losses 
The typical SRF performance of a cavity is 
expressed in terms of the Q0 as a function of the RF 
field, either Eacc on-axis or peak surface electric 
(Ep) or magnetic fields (Bp). RF tests of bulk Nb 
cavities at or below 2.0 K show several non-
linearities, referred to as “Q-slopes”, occurring 
typically at low (Bp < ~30 mT), medium (~30 < Bp 
< ~90 mT) and high field (Bp > ~90 mT) whose 
origins are not well understood. Figure 5 shows a 
typical Q0(Bp) plot for a bulk Nb cavity. 
Understanding the origin of these non-linearities is 
important not only from a scientific point of view 
but also to help identify better treatments to sustain 
high Q0-values at high RF fields. 
Low-β cavities and elliptical-type cavities tested 
at 4.2 K commonly show a monotonic decrease of 
Q0 by about a factor of ~3-10 up to ~80-90 mT. 
This effect is attributed mainly to a thermal 
feedback in which Rs(Bp) increases because of the 
warming of the inner cavity surface with increasing 
RF field due to the exponentially increasing BCS-
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surface resistance and the poor heat conductivity of 
He I [121]. 
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Fig. 5. Typical Q0(Bp) curves for a 1.5 GHz bulk Nb cavity 
before and after LTB (adapted from [122]). 
Thin-film Nb magnetron-sputtered cavities 
exhibit a monotonic decrease of Q0 by about one 
order of magnitude up to ~90 mT at or below 2.0 K 
and such strong degradation of Q0 has precluded 
their application to accelerators which require Eacc 
> ~15 MV/m [123]. The Rs(Eacc) plot for a state-of-
the art Nb/Cu thin film cavity is shown in Fig. 6.  
In spite of significant R&D efforts, mainly at 
CERN, there is no clear explanation for the origin 
of such losses. Possible hypothesis include 
suppression of the lower critical field, Hc1, and of 
the critical superfluid velocity, because of the low 
mean free path of the normal electrons in the films, 
or additional losses due to “weak-links” because of 
the granularity of the films [123], and fine-scale 
surface roughness. A recent analysis of field-
dependent rf losses measured on magnetron 
sputtered Nb/Cu thin film samples at CERN [124] 
showed good agreement with a model based on 
electric field driven losses due to quasi-particle 
tunneling into localized states in the surface oxide 
(referred to as “interface tunnel exchange” model 
discussed in [125] and references therein). 
 
 
Fig. 6. State-of-the-art performance of 1.5 GHz Nb/Cu thin 
film cavity at 1.7 K. The figure was taken from [123]. 
5.1.1.   Low-field Q-slope 
An increase of the Q0-value by up to ~50% 
between ~2 mT and ~20 mT is sometimes 
observed. This effect seems to be enhanced at 
lower temperatures and by a low-temperature (120-
160°C) baking in ultra-high vacuum or atmospheric 
noble gas [86] for several hours (LTB). 
In a model discussed in Ref. [125] , this effect is 
related to non-equilibrium superconductivity 
caused by sub-oxides precipitates near the Nb 
surface. An alternative explanation, proposed in 
Ref. [88], relates it to the de-trapping of vortices 
which are within a depth of the order of the RF 
penetration depth from the surface, due to the 
Lorentz force of the RF field. According to this 
model, the Q0(Bp) curve should be hysteretic at low 
field, with a constant, high Q0-value obtained after 
reducing the RF power back to low field. 
An attempt at a systematic investigation of this 
phenomenon was published in Ref.[126], but 
further dedicated studies are necessary for a better 
understanding. 
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5.1.2.   Medium-field Q-slope 
A reduction of Q0 by about 20-50% between 
~20 mT and ~90 mT is typically observed. This 
phenomenon seems to be enhanced by EP and LTB 
and at lower temperatures while it is reduced in 
large-grain cavities. The Rs field dependence is 
often well described as being quadratic, although a 
linear term was sometimes included, particularly to 
fit data after LTB [43]. The linear term was related 
to losses caused by Josephson fluxons at “strong” 
superconducting links near the Nb surface, 
consisting of oxide-filled grain boundaries [127]. 
The Rs(Bp) dependence predicted by the thermal 
feedback model is not as strong as is often 
measured experimentally, particularly for cavities 
at gigahertz frequency for which RBCS is relatively 
low compared to S-band cavities [121]. The 
convenient availability of large Nb crystals has 
enabled a more precise characterization of the 
Kapitza resistance at the niobium/superfluid helium 
interface [128]. 
An intrinsic non-linearity of RBCS due to the 
increase in thermally-activated quasi-particles by 
the RF field was calculated in the clean limit in 
[129]. The model provides a good fit of the 
experimental data in the gigahertz range and 
predicts a stronger slope a lower temperatures, as it 
had been measured. 
Although some common trends in the medium 
field Q-slope for different surface treatments and 
materials have been identified experimentally, a 
good understanding of which parameters are 
affected by such treatments/materials, in relation to 
the medium field Q-slope, is still missing. 
5.1.3.    High-field Q-slope 
A sharp, exponential drop of Q0 starting at ~90 mT 
in absence of field emission characterizes the 
performance of bulk Nb cavities tested after typical 
active chemical processing. Temperature mapping 
of the outer cavity surface during RF tests show 
non-uniform losses (“hot-spots”) occurring in the 
high-magnetic field region of the cavities’ surface. 
Since this phenomenon was first reported in 1997, 
many models have been proposed to explain the 
origin of the anomalous losses. Those includes 
defective oxides, high interstitial oxygen near the 
surface, reduced field of first flux penetration due 
to lattice defects or impurities near the surface, 
local quenches at sharp surface features (such as 
steps at grain boundaries). Extensive reviews of 
experimental data and models related to the high-
field Q-slope have been presented over the years in 
many publications [87, 130-132]. The most recent 
model proposes a field dependent expression for 
the surface resistance which can describe the Q-
slopes in any field region. At the origin of Rs(Bp,T) 
are small (compared to the RF penetration depth 
and coherence length) isolated “defects” which 
suppress the surface barrier for flux penetration. Rs 
is factorized in a temperature dependent term, 
resulting from the increase in the density of 
normal-conducting electrons above a certain 
percolation temperature, and a field dependent term 
resulting from the growth of the normal conducting 
volume with the applied RF magnetic field [133]. 
While some of the models provide a good fit of 
the experimental data in the high-field Q-slope 
region none of them has clearly provided a physical 
explanation of the phenomenon which is widely 
accepted, although hydrogen vacancy complexes in 
the near surface have been implicated [134]. 
It was found empirically that electropolishing 
plus LTB significantly reduces the high-field Q-
slope of fine-grained Nb cavities (ingot Nb may not 
need EP), allowing attainment of Bp-values of up to 
~190 mT at 2.0 K [87]. In addition to that, LTB 
causes a reduction of RBCS and often an increase of 
the residual resistance, Rres, so that a moderate 10-
20% increase of Q0 at 2.0 K, at low field, is 
obtained [88]. Lower Rres-values can be restored by 
rinsing the cavity with HF (49%) after baking 
[135]. A well accepted explanation of the baking 
effect is also missing. That the beneficial effect of 
LTB on the high-field Q-slope is found to be 
dependent on the material (fine-grain or ingot Nb) 
and treatment combination (EP, BCP or post-
purification) [54] suggests that multiple 
mechanisms are involved in what is generally 
described as “high-field Q-slope.” 
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5.1.4.   Non-linear BCS losses 
Xiao has recently derived a field-dependent 
extension of Mattis-Bardeen theory of a BCS 
superconductor’s surface impedance [136]. Prior 
description of the response of a superconducting 
surface to RF fields derived from BCS theory has 
been in the low-field limit. Xiao finds as a result of 
the modified density of states distribution with 
flowing Cooper pairs, that the surface resistance of 
such a superconductor initially decreases with 
increasing field before increasing at further higher 
fields. Such behavior has not been previously 
predicted. An intriguing correspondence of this 
prediction with the frequently observed “low-field 
Q-slope” is noted. Analysis will continue. 
5.2.   RF Critical Field 
Theoretically, the amplitude of the maximum RF 
magnetic field which can be applied at the surface 
of a type-II superconductor before the surface 
barrier to flux penetration vanishes is the so-called 
superheating field, Hs. The ratio of Hs divided by 
the thermodynamic critical field, Hc has been 
calculated near Tc using the Ginzburg-Landau (GL) 
theory in the limits of small and large GL 
parameter, κGL [137]. The calculation of Hs at low 
temperature is quite complex, and it has been 
recently done in the clean limit [138] and as a 
function of impurities [139] in the limit of large 
κGL. The results show that: 
 cs HH 84.0=     T → 0, clean limit, (2) 
whereas Hs changes by less than ~3% in the dirty 
limit, in the presence of nonmagnetic impurities. 
Magnetic impurities, on the other hand, 
significantly suppress Hs. An interesting result of 
the calculation was that, unlike in the clean limit, 
the presence of nonmagnetic impurities maintains 
an energy gap in the quasi-particle spectrum near 
Hs, which would result in reduced Rs non-linearity. 
To the authors’ knowledge there exists no 
calculation of Hs(T<<Tc) as a function of κGL in 
either clean or dirty limit. 
The temperature dependence of Hs can be 
approximated as: 
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Experimentally, the superheating field has been 
achieved in SnIn and InBi alloy samples with 
different κGL values and type I superconductors 
such as Sn, In and Pb near Tc [140]. However, 
measurements of Hs in Nb and Nb3Sn cavities as a 
function of temperature showed Hs-values lower 
than predicted by the theory for T<<Tc. The cause 
for this discrepancy is not clear [141]. 
The highest Bp-value measured on bulk Nb 
cavities at 2.0 K is 210 mT [142], greater than 
Hc(2.0 K) = 190 mT. 
While some measurements confirm the 
possibility of reaching the superheating field, as 
predicted theoretically, Hs might still be of limited 
practical significance for SRF cavities: with a 
typical surface area of several meters square, it is 
easy to imagine locations with reduced surface 
barrier because of, for example, roughness or 
clusters of impurities. Furthermore, operating 
cavities close to Hs will be impractical as Rs 
approaches the normal-state surface resistance. 
Nevertheless, understanding Hs both from the 
experimental and theoretical point of view is 
important, particularly for materials alternate to Nb 
with high κGL, which have Hc-values a factor of ~2 
greater than Nb. 
 
5.3.   Surface topography 
Surface treatments on bulk Nb cavities and 
substrate and deposition methods in thin-film 
cavities determine the topography of the outermost 
~100 nm layer which carries the RF current. A 
comprehensive way to look at surface roughness 
over different length scales (“macro-roughness” vs. 
“micro-roughness”) is to plot the power spectral 
density (PSD) as a function of the spatial 
frequency. The PSD is calculated from the surface 
profiles measured with different instruments, such 
as atomic force microscope and stylus profilometer, 
over different length scales. PSD data can be 
compared with different surface structure models to 
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understand how processes determine the surface 
topography [143]. 
Data analysis clearly indicates that BCP, unlike 
EP, produces surface structures dominated by step 
edges, because of differential grain boundary 
etching. Smoothing by EP occurs mostly in the 
spatial frequency range corresponding to 1-10 µm 
[66]. Removal of only ~15 µm by EP is already 
sufficient to smooth sharp edges in BCP-treated 
samples, whereas the overall root-mean-square 
(RMS) roughness decreases steadily with 
increasing material removal by EP, up to ~50 µm 
[144]. 
The region of the cavity with the largest RMS 
step height is the equatorial weld, which is also the 
region where the surface magnetic field is close to 
the peak value. Samples’ measurements show that 
~90 µm of material removal by EP is required to 
reduce the RMS step height in the weld region to a 
value comparable to areas not affected by the 
welding [145]. 
Replica techniques have been developed by 
several laboratories to extract the topography of 
outstanding features on the inner surface of cavities 
which are often associated with quenches [146]. 
The resolution of the technique is ~1 µm and 
typical defects are “pits”, ~100 µm in diameter, 
~100 µm deep, usually found in the EBW heat-
affected zone, as mentioned in Sec. 4.3 
Systematic studies both at DESY [147] and 
KEK [42] show that the quench field of a cavity 
treated by EP and LTB decreases with increasing 
material removal by BCP, followed by LTB. This 
trend is inverted if additional material removal by 
EP is applied [148]. While these studies help 
making the case why “smoother is better”, there 
exist examples of cavities reaching Eacc~40 MV/m 
having a “rough-looking” surface [149, 150]. 
Furthermore, no significant dependence in the 
performance of multi-cell ingot Nb cavities at 
DESY was found whether grain boundary steps 
were mechanically polished prior to BCP [30]. 
What remains yet elusive is clear discrimination of 
what scale roughness “matters.” Efforts have begun 
to model specific non-linear losses due to specific 
representative topographies [151, 152]. 
Finally, it should be mentioned that changes in 
non-linear losses and the quench field associated 
with EP or BCP might also be related not only to 
topography but also to different concentration of 
interstitial impurities, such as hydrogen and 
oxygen, or lattice defects near the surface 
introduced by the two processes, but specific 
evidence is lacking. 
5.4.   Grain boundaries 
The influence of grain boundaries on cavity 
performance is another controversial topic under 
investigation. Measurements on three single-cell 
cavities of the same shape made of fine-grain, 
large-grain and single-crystal Nb and treated in the 
same way did not show significant differences of 
performance [153]. 
As mentioned in the previous paragraph, sharp 
steps at grain boundaries cause a geometric local 
magnetic field enhancement which can lead to a 
premature quench, if the direction of the RF field is 
nearly normal to the grain boundary plane [154]. 
Magneto-optical [155] and flux-flow [156] 
studies on Nb samples showed that: 
• Grain boundary steps of height greater than ~10 
µm found on the fine-grain welded samples can 
induce preferential flux penetration in those 
regions. 
• Preferential flux penetration at a grain boundary 
was clearly observed in bi-crystal samples 
when the grain boundary plane is close to 
parallel with the applied magnetic field. In this 
configuration, the dissipation due to flux-flow 
is the highest. 
There exist no direct measurements of the grain 
boundary depairing current density, Jb, in bulk Nb. 
However, it can be estimated from the following 
formula, assuming that the grain boundary makes a 
superconductor-insulator-superconductor junction: 
 
gb
b Ge
J
2
∆
=
π , (4) 
where ∆ is the energy gap at 0 K, e is the electron’s 
charge and Ggb is the grain boundary specific 
resistance. Taking Ggb ≅ 2×10-13 Ω m2 [157] and ∆ 
= 1.55 meV [158], one obtains Jb ≅ 1.2×1010 A/m2. 
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The critical depinning current density, Jc, 
obtained from magnetization measurements of 
cavity-grade Nb samples was at least a factor of ten 
lower than Jb [29]. This would suggest that losses 
due to oscillations of pinned vortices under an RF 
field might be more significant for a material such 
as bulk Nb, compared to high-temperature 
superconductors with stronger pinning. 
As mentioned in Sec. 4.2.1, the efficiency of 
trapping residual magnetic field when cooling Nb 
samples below Tc was found to be lower in large-
grain than fine-grain Nb. This effect, combined 
with the reduced grain boundary resistance 
contribution, because of fewer boundaries, might 
explain the lower Rres often measured for ingot Nb 
cavities, compared to that of fine-grain cavities. In 
addition, the onset of the high-field Q-slope is 
typically higher in ingot Nb than fine-grain 
cavities, for the same surface treatment [43].  
Oxide-filled, small size (<0.5 µm) grain 
boundaries in magnetron-sputtered thin-film Nb/Cu 
cavities have been described as creating “weak-
links” which are sources of additional RF losses 
because of [159]: 
• Grain boundary resistance contributing to the 
residual resistance at low field. 
• Josephson or Abrikosov-Josephson fluxons 
penetrating along grain boundaries already at 
low field. 
5.5.   Surface interstitials and oxide 
For typically prepared Nb surfaces the 
concentration near the surface of interstitial 
impurities, such as oxygen and hydrogen, is 
significantly higher than in the bulk of the material, 
even for high-RRR Nb.  
Hydrogen is very mobile and segregates at the 
oxide/metal interface because of the local strain 
induced by the oxide layer and the presence of 
other impurities such as oxygen. It is very 
challenging to accurately measure hydrogen depth 
profiles in Nb, and results obtained by nuclear 
reaction analysis (NRA) show concentrations of 
~40 at.% in a ~5 nm layer [126, 160]. Such 
concentration can lead to metallic hydride 
formation in the temperature range 90-150 K. NRA 
measurements also show that the hydrogen peak 
near the surface is reduced by a factor of ~3 by the 
LTB. 
Interstitial oxygen concentrations of up to 2–10 
at.% in a 1–10 nm layer below the oxide was found 
as a result of the growth of the surface oxide layer 
[161, 162]. High interstitial oxygen in Nb 
suppresses Tc and Hc. As the oxygen diffusion 
length in Nb baked at 120 °C for 48 h is ~40 nm, it 
seemed plausible that oxygen diffusion might 
explain the baking effect mentioned in Sec. 5.1.3. 
However, measurements by time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) 
[163] and X-ray scattering [164] do not support this 
hypothesis. 
The quality of the first ~20 nm of Nb metal, and 
therefore of the metal/oxide interface seems to be 
crucial for the cavity performance. The value of the 
energy gap obtained from fits of Rs(T) at low RF 
field with BCS theory numerical calculations 
clearly showed a correlation between high gap 
values and high maximum Bp-values [122]. Surface 
treatments such as BCP, EP, anodization, LTB do 
affect ∆ and therefore the ultimate field in the 
cavity. Evidence of the influence of surface 
treatments on the quasi-particles density of states 
(DOS) has also been obtained by point-contact 
tunneling [158]. 
The niobium oxide layer has been studied to 
great extent since the 1970s. X-ray photoelectron 
spectroscopy (XPS) techniques (laboratory XPS, 
synchrotron XPS, angle-resolved XPS), 
transmission electron microscopy (TEM), 3D atom 
probe tomography (APT) have all been applied to 
study the oxide layer. The results indicate the 
presence of an amorphous  niobium pentoxide 
layer, ~2-10 nm thick depending on the oxidation 
conditions, covering the Nb metal [165, 166]. The 
presence of “defects” in this layer, such as oxygen 
vacancies, was inferred from tunneling 
measurements. 
Some studies show that the transition from 
Nb2O5 to Nb is fairly sharp, with no intermediate 
suboxide layers [167], while others suggest the 
presence of an intermediate ~1 nm NbOx layer 
[162]. Baking in UHV at 145 °C causes a partial 
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decomposition of Nb2O5 into NbO2 [168]. The 
oxygen concentration within 10 nm below the 
oxide was found to increase by no more than ~1.5 
at.% [169]. Subsequent air exposure causes Nb2O5 
to grow back to its initial thickness [170]. 
A systematic study to evaluate the influence of 
the oxide layer on Rres determined that its 
contribution is < ~1.5 nΩ [171]. Losses due to 
interface tunnel exchange caused by defects in 
Nb2O5 had been proposed to explain the high-field 
Q-slope [125], but some cavity test results do not 
support this model [87, 130]. 
Recent tunneling spectroscopy measurements 
on chemically etched Nb samples showed the 
presence of quasi-particle states within the energy 
gap and a broadening of the BCS DOS peaks and 
are associated with surface paramagnetism [158, 
172]. These results were explained by the presence 
of magnetic impurities near the surface which were 
attributed to substoichiometric Nb2O5. The results 
also showed that LTB significantly reduces those 
features in the DOS spectrum. 
The metal/oxide interface and impurities in this 
region seem to have a significant effect on SRF 
properties of Nb. The above mentioned results 
suggest the need for treatments which reduce the 
hydrogen concentration, which is achieved to some 
degree by heat treatments, and allow the formation 
of less defective oxide, such as during a controlled 
“dry” oxidation. 
5.6.   Magnetic screening by thin SC layers 
Efforts are underway to demonstrate and ultimately 
exploit the theoretical possibility of supporting 
much higher surface rf magnetic fields through the 
use of thin multi-layer superconductor/insulator 
structures as proposed by Gurevich [116]. Early 
measurements of the DC magnetic field properties 
of thin SC layers appear to be consistent with the 
theory, with inhibited flux entry into the surface 
[173, 174]. Realizing such hybrid structures will 
require incorporation of a host of techniques from, 
for example, the optical coating community. Key 
challenges will be securing consistent material 
properties of layers thinner than the magnetic 
penetration depth, λ, and sharp, smooth boundaries 
between layers. Work at ANL and Jefferson Lab 
seeks to produce candidate multilayer surfaces for 
rf testing [109, 175, 176]. 
6.   Cavity Diagnostics 
Several diagnostic methods have been developed or 
adapted to identify quench locations inside multi-
cell cavities. Thermometry on the cavity exterior 
surface is still the most powerful technique to 
identify lossy regions of the cavity interior surface. 
A two-cell temperature mapping system consisting 
of 320 carbon resistor-temperature-devices (RTD) 
was developed at Jefferson Lab to monitor the 
temperature in the equator region of two out of nine 
cells in a 1.3 GHz cavity [177]. By measuring 
Q0(Bp) in all modes of the TM010 passband, the 
quench location can be typically isolated to one of 
two cells. Two arrays with eight Cernox RTDs 
each have been used at Fermilab as a fast (thermal 
response time of ~15 ms) thermometry system to 
identify the quench location at the equator of a cell 
of a nine-cell 1.3 GHz cavity [58, 178]. A full nine-
cell thermometry system with 4600 carbon RTDs 
has been built at Los Alamos [179]. A new flexible 
“octopus” thermometry array has recently been 
developed for use at CERN [180]. 
For quench location detection, oscillating 
superleak transducers (OST) were developed at 
Cornell as an alternative to RTDs.  OSTs detect the 
He-II second sound wave driven by the defect-
induced quench. By measuring the time of arrival 
of the second sound wave at three or more 
detectors the defect location can be unambiguously 
determined in three dimensions, with similar spatial 
resolution as by thermometry (~1 cm) [181]. 
Once the defect location has been located, 
imaging systems have been developed at Kyoto 
University and JLab to take pictures of the defect 
inside the cavity with a resolution lower than 
10 µm [182, 183]. 
A new system developed by MicroDynamics 
Inc. and Jefferson Lab provides optical 
interferometric profilometry of the interior surface 
of multi-cell cavities. Dubbed CYCLOPS for 
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CavitY CaLibrated Optical Profilometry System, 
the unit enables normal incident viewing and 
submicron surface topographic mapping with 
<2 µm lateral resolution. The system is intended 
both for detailed defect characterization and 
quantitative surface topography characterization as 
a function of applied surface treatment processes. 
A local-grinding tool was also developed at 
KEK and was successfully used to repair a defect 
identified by thermometry, improving the 
performance of a 1.3 GHz nine-cell from 16 to 
27 MV/m [184]. 
An X-ray diagnostic system is in routine use at 
KEK and is currently being developed at Jefferson 
Lab to identify the location of field emitters. By 
measuring the endpoint energy of x-ray spectra for 
all pass-band modes, one can localize the electron 
emission source to specific annular rings on the 
surface of multicell cavities. Further azimuthal 
resolution is under development. 
At Jefferson Lab, a low-temperature laser 
scanning microscopy technique was recently 
applied to obtain maps of the surface resistance 
directly on the inner surface of a single-cell RF 
cavity [185]. 
Special rf structures have been developed which 
permit characterization of the SRF performance 
properties of small material samples. The 
motivation is to reduce the ambiguity and cost that 
comes with dependence on rf measurements with 
extended 3D structures such as are used for 
accelerators. These systems enable detailed studies 
of temperature, field, and frequency dependent 
properties of sample SRF materials and surfaces 
and allow direct correlation of performance with 
material characteristics discerned via surface 
analytic techniques [186-190].  
Clearly, the evolution of new and improved 
diagnostic and repair tools enable systematic 
characterization of performance-limiting effects, 
which is the first step to improving both the 
performance envelope and the reliability of 
processes which produce SRF cavities. 
7.   Linkage of technical SRF performance 
with viable RF structure design options 
One of the variously stimulating or vexing aspects 
of SRF science and technology for accelerators is 
the complexity of the multi-parameter design and 
performance space. Progress in understanding or 
control in one dimension creates new opportunities 
for useful solutions with other parameter changes. 
For example, before surface cleaning techniques 
evolved adequately, multipacting and parasitic field 
emission drove structure design constraints. As 
process confidence grows, higher surface electric 
fields are “allowed” in SRF accelerating structure 
design which in turn extends the accessible 
structure parameter space, allowing for higher 
shunt impedance and design for minimum 
dissipative losses. Add to this improved fabrication 
processes and surface treatment processes and the 
door is opened to increased geometrical complexity 
of accelerator structures beyond the simple 
axisymmetric. Thus one begins to see performance 
previously associated with β =1 elliptical structures 
occurring in QWR, HWR, and spoke-type 
structures. 
The ultimate performance of an SRF 
acceleration system is simply as a highly efficient 
transformer of supplied rf power into beam power. 
For some applications, even that is insufficient 
because the beam is itself but part of the 
transformer with the intended product being tuned 
photons, thus the interest in realizing ERLs. A very 
practical constraint on ERL power efficiency, 
however, is the usable loaded-Q (Ql) = f/bandwidth 
of the SRF cavity. With very light net beamloading, 
efficiency interests push for higher Ql, but this must 
not come at the expense of increased detuning from 
drift or phase noise due to microphonics. For RF 
power efficiency, frequency stability needs to 
remain a small fraction of the resonance bandwidth. 
Thus the interest by Liepe et al. at Cornell to 
establish new design criteria for structure design 
and the placement of stiffening rings on elliptical 
structures for ERLs [191]. 
When techniques are established that yield the 
best bulk Nb performance from deposited 
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conformal films on inexpensive high thermal 
conductivity substrates, the cost equation of SRF 
for accelerators will change dramatically. 
Cryomodule designs could shift to lower cost 
materials and greatly reduced touch labor. Such is 
not available today, but no fundamental physical 
properties stand in the way. Nevertheless, the 
realization of high-performing SRF thin film 
cavities may not be an “easy” task which will be 
accomplished rather quickly. 
SRF cavities also present higher order modes 
(HOMs) to the beam. The beam/HOM interactions 
must be managed to avoid disruption of the beam 
and excessive losses. While resonant structure 
design considerations seek to minimize excitation 
of HOMs in a particular application setting by both 
field design and extraction of mode energy via rf 
couplers for dissipation in external loads, 
fabrication tolerances must also be taken into 
account to assure that such geometry-dependent 
properties are realized in practice [192, 193]. 
Dedicated international workshops focus on these 
issues [194].  
8.   Potential Applications of SRF Technology 
As SRF technology matures, the variety of 
accessible accelerator applications grows. The 
technology becomes less and less the domain of 
self-contained research institutions and increasingly 
suitable for production systems and industrial 
operations. In the US, the broad topic of accelerator 
applications is being encouraged by the US 
Department of Energy [195]. Similar governmental 
support is expressed around the world because of 
the perceived economic potential. A large fraction 
of the systems under discussion require SRF for the 
simple reason of net energy efficiency. For 
realization, large scale service systems require 
technological robustness and unambiguous cost 
effectiveness—such appear within reach for SRF. 
We identify here some representative 
applications of SRF that are soon to arrive as well 
as some which are in various stages of planning, 
analysis or consideration. With the exception of the 
ILC, most of these applications require “moderate” 
accelerating gradient but rely on high Q0-values for 
most efficient operation. 
8.1.   QWR for high-β hadrons 
Innovative designs of two QWR for use in RHIC 
are under development. A 56 MHz QWR will be 
used to maintain stored beam. A 28 MHz folded 
quarter wave structure with a large tuning range to 
accommodate particle revolution frequency change 
in RHIC during beam acceleration is also under 
development in collaboration with Niowave Inc. 
8.2.   European Spallation Source (ESS) 
In 2003 the joint European effort to design a 
European Spallation Source resulted in a set of 
detailed design reports. Lund was agreed as the site 
in 2009. The current baseline for the design 
delivers 5 MW of 2.5 GeV protons to a single 
target, in 2.86 ms long pulses with a 14 Hz 
repetition rate. The linac will have a normal 
conducting front end with an ion source, an RFQ 
and a DTL. The superconducting part starts with 
spoke cavities followed by two families of elliptical 
cavities. It will be the first time that spoke cavities 
are used in a major accelerator. The target 
completion date is 2018 [196]. 
8.3.   Energy-Recovering Linacs 
Energy-recovering linacs (ERLs) are very attractive 
and efficient means of providing extremely high 
brightness and/or ultra-short pulse length light 
sources. Several projects are underway around the 
world [197]. Cornell University, for example, is 
developing the superconducting RF technology 
required for the construction of a 100 mA hard X-
ray light source driven by an Energy-Recovery 
Linac [198]. The 5 GeV ERL main linac will have 
384 7-cell SRF cavities, running CW at 16.2 MV/m 
accelerating gradient. A compact ERL (cERL) is 
under construction at KEK as a demonstration 
vehicle for technologies needed for a potential 
3 GeV ERL [199]. 
A solid conceptual design was developed for an 
ERL-based 4GLS multi-spectrum photon source to 
have been located at Daresbury [200].  
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8.4.   Crabbing and deflecting cavities 
In contrast to the majority of SRF accelerator 
applications, there are also major efforts to exploit 
high field dipole modes to give bunches a head/tail 
differential transverse kick in order to maximize 
luminosity of colliding beams with non-zero 
crossing angle. This so-called crabbing scheme has 
been demonstrated at KEK [201] and is under 
active development for the APS SPX upgrade [202] 
and the LHC luminosity upgrade [203].  
There is also a range of applications of these 
cavities in deflecting mode such as for beam 
separation and bunch length measurement [204]. A 
recent analysis of compact deflecting and crabbing 
SRF cavities was contributed by Delayen [205]. 
8.5.   SRF photoinjectors 
In the pursuit of ever lower emittance electron 
sources, it is attractive to embed a photoelectron 
source directly in an SRF cavity as a means of 
providing very high fields right at the emission 
surface. The extreme vacuum of the SRF 
environment is also attractive for minimizing low-
energy scattering effects. Arnold and Teichert have 
provided a recent overview of progress in this area 
[206]. SRF photoinjectors are being actively 
developed at Helmholtz-Zentrum-Berlin, 
Brookhaven National Laboratory, Helmholtz-
Zentrum Dresden-Rossendorf, PKU, and 
University of Wisconsin [207-210]. 
8.6.   NGLS 
LBNL is developing design concepts for a multi-
beamline soft x-ray FEL array powered by a CW 
superconducting linear accelerator, operating with a 
high bunch repetition rate of approximately one 
MHz [211]. A nominal electron beam energy of 
2.4 GeV has been chosen. 
8.7.   Upgrade of LANSCE at LANL 
By increasing LANSCE H+/H- linac beam power 
from 800 kW to 2 MW using SRF cavities, LANL 
will be able to achieve neutron flux and irradiation 
volume equivalents similar to those expected to be 
achieved by the IFMIF (International Fusion 
Materials Irradiation Facility) [212]. By increasing 
LANSCE proton energy from 800 MeV to 3 GeV 
using SRF cavities, higher resolution proton 
radiography can be achieved [213].  
 
8.8.   Compact 4K light sources 
The principal attractive features of SRF 
accelerators tend to be efficient conversion of RF to 
beam power and high fields for compact footprint. 
As the materials and techniques evolve toward 
higher SRF performance at higher temperatures, 
new compact CW accelerator applications become 
viable. A compact X-ray source based on inverse 
Compton scattering of a high-power laser on a 
high-brightness linac beam has been proposed by 
MIT. The key enabling technologies are a high 
average power laser and a superconducting 
accelerator [214, 215]. 
8.9.   Photonic bandgap 
Employing a novel concept, 2.1 GHz 
superconducting RF photonic band gap (SRF PBG) 
structures have been designed, fabricated and tested 
by LANL and Niowave Inc. The maximum Eacc of 
15 MV/m has been achieved with predicted Q0. 
This structure can reduce long-range wakefields 
and increase current threshold for high-current SRF 
accelerators [216, 217] . 
8.10.   ADS 
Accelerator driven systems (ADS) are increasingly 
considered to be promising means for the 
transmutation of nuclear waste, and also as credible 
schemes for Th-based energy production. Technical 
preparation work for ADS has been taken up by the 
international accelerator community. SRF proton 
linacs are almost generally considered as the right 
answer to the ADS challenges: very high 
availability multi-MW CW proton beams, with 
energy around 1 GeV. The high modularity of such 
linacs is a key issue [218]. Significant efforts are 
underway in India, China, and Europe [219-221]. 
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In the US, a technology readiness assessment for 
ADS systems was composed in 2010 [222]. 
8.11.   Project X 
A proposed Project X at FNAL will require a 
3 GeV, 1 mA CW proton LINAC based on SRF 
technology. It will utilize a wide range of cavity 
types, including 162.5 MHz HWRs at β =0.1, 
325 MHz single spoke resonators at β =0.22 and 
β =0.47 and 650 MHz elliptical cavities at β =0.61 
and β =0.9. The project could be ready for a 
construction start as early as 2016. Possible 
extension to a future pulsed LINAC to increase the 
beam energy up to 8 GeV would require 1.3 GHz 
β =1 elliptical cavities [223]. Design and 
specifications of the cavities for this project are 
driven by the large dynamic heat loads, 
emphasizing the need to achieve high Q0-values. 
 
8.12.   CERN-based possibilities 
Several large future facilities at CERN would 
require SRF-based systems. LHeC, a proposed e-p 
collider based on the LHC plus a new 
superconducting e- accelerator, based either on a 
ring or an ERL are in planning [224]. SPL, a 
possible new injector chain and high intensity 
proton source remains on the candidate list [225]. 
Discussions have begun regarding a LEP3 e+e- 
collider targeted specifically for Higgs production. 
Such would require new SRF systems [226]. 
8.13.   ILC  
The largest single application of SRF technology 
being discussed is the proposed International 
Linear Collider (ILC). In 2004 ICFA chartered the 
International Linear Collider Steering Committee, 
which established the Global Design Effort (GDE) 
to develop a technical design for a 0.5 TeV e+e- 
collider. The focused international collaborative 
effort built on the former TESLA program 
produced significant R&D progress and will 
produce a Technical Design Report at the end of 
2012 [227, 228]. With the TDR in hand, the 
community awaits LHC physics results to sharpen 
the motivation and target for an ILC. Meanwhile, 
sustaining efforts will pursue cost-saving 
technology improvements. 
8.14.   Muon collider 
Lepton colliders are the cleanest way to probe the 
energy frontier. With mass 207 relative to that of 
electrons, muons suffer negligible synchrotron 
radiation loss. A multi-TeV µ+µ- collider could be 
circular and therefore have a relatively compact 
geometry and employ multi-pass acceleration, 
reducing the infrastructure cost for attaining TeV 
energies. The critical challenge of such a scheme is 
6-dimensional phase space cooling of the muons 
sufficient to create an effective beam.  Large 
acceptance (~200 MHz) SRF cavities would be 
required. Costs for such motivate pursuit of Nb/Cu 
and other thin film SRF solutions [229-231]. 
9.   Conclusion 
As understanding of key materials and processes 
grow, the community’s ability to define and design 
methods which yield tailored SRF-based 
accelerator systems that support high amplitude and 
well-shaped rf fields with increasingly efficient 
power consumption also matures and flowers into a 
remarkable variety of useful solutions. We have 
attempted to offer a brief review of the current state 
of SRF R&D in support of future accelerators. 
There is, no doubt, additional high-quality work 
that we have not mentioned. The single best written 
record of the evolution of SRF-related science and 
technology is captured in the proceedings of the 
SRF Workshop/Conference series, now archived 
together with the LINAC and (x)PAC conferences 
on the JACoW website [232].  
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